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Abstract
A compact gyrotron operating at a frequency of 394.6 GHz has been designed for application to the 
sensitivity enhancement of Nuclear Magnetic Resonance (NMR) spectroscopy through Dynamic 
Nuclear Polarization (DNP). The intended compact gyrotron employs an 8T compact superconducting 
magnet to guide the electron beam from the source till the collector. The concept behind such a 
gyrotron development is to reduce the physical dimensions of the device and to remove dependency 
on additional coils and power supplies. This would enable easy installation and operation at the 
application laboratory. The device operates in second harmonic mode TE26. The conceptual design 
along with the simulation results are presented under following sections.  
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1. Introduction 
Gyrotrons are medium to high power, millimeter to sub-millimeter wave devices that can be found in 
many scientific and industrial applications [1]. A number of 1 MW, 170GHz gyrotrons will be applied 
for electron cyclotron resonance heating (ECRH) of plasma in International Thermonuclear 
Experimental Reactor (ITER) built in Cadarache, France. The low to medium power (few watts to kilo 
watts) gyrotrons, are typically employed in material processing, plasma diagnostics, spectroscopy, 
imaging, communications etc [2]. The particular gyrotron we present here is used to enhance the 
sensitivity of NMR spectroscopy using dynamic nuclear polarization (DNP).  
DNP is an excellent technique of electron-nuclear (proton) spin coupling, where, highly populated 
states of electron spin polarization are transferred to less populated states of nuclear spin polarization. 
This transfer of spin polarized states enhances the signal-to-noise (SNR) ratio of a NMR spectrometer. 
An improved SNR means less acquisition time and greater applicability of NMR spectroscopy in 
various fields, for example, bio-medical applications. The electron spin resonance is typically 
observed in millimeter to sub-millimeter wavelength range, where gyrotrons are simple and reliable 
radiation sources. Extensive research in this area is being carried out at MIT, USA with 140 GHz, 250 
GHz (fundamental) and more recently a 460 GHz (second harmonic) gyrotrons. At FIR Center, 
University of Fukui, Japan, we have developed, 395 GHz (FU CW II), 460 GHz (FU CW IV) and 
continuous frequency tunable gyrotron (FU CW VIB), being operated exclusively for 600 MHz 
DNP-NMR spectroscopy [3-5]. 
The compact gyrotron presented here operates at a second harmonic frequency of 394.6 GHz and 
used to enhance the sensitivity of 600 MHz (nuclear spin resonance) proton-NMR spectrometer. The 
main goals of the current design are to keep the overall physical dimensions of the device to a 
minimum by employing a compact 8 T liquid helium free super conducting (SC) magnet and to 
achieve single mode operation at the second harmonic. The source of electron beam is a magnetron 
injection gun (MIG), which produces a gyrating annular electron beam that is transferred to cavity, 
where it interacts with the desired cavity eigen mode. The cavity is a simple open ended waveguide 
with small input and output tapering (see Fig. 1). The spent beam is dumped inside the collector and 
the radio frequency wave is emitted from the output window.  
2. Selection of Cavity Mode and Beam Radius
A major constraint in the design of a compact gyrotron is the selection of beam radius to excite the 
desired cavity mode. From the adiabatic relations, the beam or guiding center radius of the electron 
beam is related to the magnetic field as, 
    2 20e e bB R B R ,     (1) 
where Be, B0 , Re and Rb are magnetic field at the emitter, magnetic field inside the cavity, radius of the 
emitter and beam radius in the cavity respectively. It is evident from Eq.1 that, after the radius of 
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emitter is decided, the beam radius can only be varied by changing the magnetic field at the emitter. In 
a compact gyrotron with no additional gun coils, the above situation requires that the axial location of 
the emitter be fixed. In other words, beam radius cannot be dynamically adjusted in a compact 
gyrotron.  
Fig. 1 Cavity profile of Compact Gyrotron with up and down tapers. The length and angles are 
4.0 mm and 2.50 and 6.00, respectively. The length and the radius of uniform section are 15.0 
mm and 2.366 mm, respectively. 
Here we employed the same conventional cavity that has been used in another CW gyrotron (FU 
CW II) which is currently being operated successfully for the same application [6]. The desired 
frequency 394.6 GHz corresponds to the second harmonic mode TE26. The optimum beam radius for 
various candidate modes for a given cavity radius can be obtained from [7], 
     
'
, 0
'
,
m s q
b
m n
R
R
F
F
r ,    (2) 
where Rb and R0 are the beam and cavity radii respectively, and ' ,m nF  is the nth root of the derivative 
of Bessel function ' ,m nJ . m and s are the azimuthal index and harmonic number, n and q are the radial 
indices of the given mode respectively.  
The nearest competing modes for the desired TE26 mode are TE06 (second harmonic) and TE23
(fundamental). Now, the optimum beam radius can be selected by calculating the beam-field coupling 
coefficient given by the following Eq. 3 for each of the above mentioned candidate modes.  
    
2
0
2 2 2
, ,
( / )
( ) ( )
m s b
BF
m n m m n
J k R RC
m JF F
r A  ,   (3) 
where
'
,
0
m nk R
F
A   is the transverse wave number.  
In Fig. 2 we can see the beam-field coupling coefficient as a function of the normalized beam radius 
(Rb/ R0). It can be noted that both the co- (TE26-) and counter rotating (TE26+) modes have nearly same 
beam-field coupling coefficient for the first radial maximum of the electric field.  
Rb
R0 = 2.366 mm 
4.0 mm 
15.0 mm 6.002.50
4.0 mm 
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Fig. 2 The beam-field coupling coefficient of various candidate modes. TE26+ with a beam 
radius of 0.63 mm, shown by a long-dashed vertical line is found to be optimum for our 
problem.  
The optimum beam radius for TE26- (co-rotating) is smaller than that of TE26+ (counter rotating). 
Therefore, it requires higher magnetic compression (B0/Be), resulting in greater axial displacement of 
the emitter from the center of the cavity compared to the counter rotating mode. For achieving the 
compactness of the gyrotron tube, TE26+ mode with beam radius of 0.63 mm was chosen for our 
design.  
3. Starting Current and Magnetic Field Profile 
After fixing the beam radius, it is essential to calculate the minimum starting currents for each of the 
candidate modes to verify whether such a mode can be excited. Assuming a Gaussian field profile and 
an accelerating voltage of 15 kV, the starting currents are plotted as a function of the cavity magnetic 
field (see Fig. 3).
It was found from the starting current calculations that the TE26+ mode can be excited for a cavity 
magnetic field of 7.2 T and a beam current of Ib 0.1 A. The corresponding co-rotating mode TE26- 
requires a starting current of 0.4 A and the nearest competing second harmonic mode TE06 requires a 
large beam current and will not compete with the desired mode. The next candidate is the fundamental 
mode TE23, which is well separated from the desired cavity mode. The above calculations indicate a 
stable single mode operation as required by our design goals. The magnetic field profile to excite the 
desired mode and other candidate modes is plotted in Fig. 4. For an emitter radius of Re = 4.5 mm, 
optimum beam radius of Rb = 0.63 mm (TE26+ mode) and peak magnetic field in the cavity B0 = 7.204 
T, we can calculate the emitter magnetic field from (eq. 1) as Be = 0.142 T. From the axial magnetic 
field profile, we can locate this value (Be = 0.142 T) at 284.5 mm from the center of cavity.  
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Fig. 3 Starting currents of various candidate modes as a function of magnetic field. The length 
of cavity mid-section is 15.0 mm and the radius is 2.36 mm.  
4. Trajectory Simulations and Beam Analysis 
The analysis of the electron beam has been carried out using the standard 2.5D trajectory simulation 
code EGUN [8]. The MIG design parameters are given in Table 1, and will form the basis of the 
geometrical model required to initiate the trajectory simulations. 
Fig. 4 Magnetic field profile of Compact Gyrotron with a compact 8 T helium-free SC magnet. 
The peak magnetic field for desired TE26+ mode is B0 = 7.204 T and corresponding emitter 
magnetic field Be = 0.142 T. The optimum emitter location is found to be 284.5 mm from the 
center of the cavity. 
The main purpose of MIG in a gyrotron is to produce a high quality electron beam characterized by 
low velocity spread. For this reason, we operate the electron source under temperature limited 
emission regime. The operating conditions are chosen such that the space charge effects are kept to a 
minimum [9]. As the electron beam interacts with the transverse field component of the cavity mode 
(TE), it is ideal to have a large transverse velocity component, with a trade-off of the overall velocity 
284.5 mm 
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spread in the beam. If we consider the axis of gyrotron to be lying along z-axis, then the pitch factor 
(Į) and its corresponding spread (įĮ/Į) can be defined as [10], 
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   (4) 
Where vA, vZ are the transverse and axial velocity components respectively, and Įmax. , Įmin. are the 
maximum and minimum pitch factors across the beam cross-section. 
Table 1. Design parameters of MIG and initial conditions for TE26+ mode 
Cavity Magnetic Field (B0) 7.204 T Emitter Slant Angle 160
Emitter Magnetic Field (Be) 0.142 T Beam Current (Ib) 0.25 A 
Emitter Radius (Re) 4.5 mm Accelerating Voltage (Vk) 15 kV 
Beam Radius (Rb) 0.63 mm Distance (Emitter-Cavity) (Lec) 284.5 mm 
Emitter Slantwise Length (Ls) 1.80 mm Emitter – Anode Clearance |3.7 mm 
Similar expressions, as given in Eq. 4, can also be written for the normalized velocities ȕA= vA/c and 
ȕz= vz/c, where c is the velocity of light in free space. The aforementioned beam parameters will be 
analysed in the EGUN trajectory simulations to optimize the operating conditions according to our 
design goals.  
A triode-type MIG mainly consists of an emitter ring mounted over a cathode, a modulation anode 
that helps us control beam parameters and a main anode, which guides electron beam into the cavity. 
As we have a fixed cathode design as mentioned in Table 1, an important parameter that has to be 
optimized is the modulation anode - main anode gap (Dg). As shown in Fig. 5, we consider three gap 
distances of 10 mm, 15 mm and 20 mm, and perform trajectory simulations to verify how it affects the 
beam parameters. 
Fig. 5 EGUN trajectory simulation for three different Mod. Anode – Main Anode gap distances. 
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Fig. 6 Pitch factor and its spread along the axis of MIG, for three different gap distances (Dg).
It is clear from Fig. 6, that a modulation anode – main anode gap of 15 mm is optimum, as it not 
only provides a better pitch factor, but also has lower velocity spread compared to the other two 
variations. Having fixed the geometry of MIG (see Fig. 7), we now analyze the beam parameters by 
varying the input conditions such as magnetic field, accelerating voltage and beam current. 
As it has been stated in the design goals, beam radius is an important parameter that enables the 
excitation of the desired cavity mode. For a fixed configuration of the MIG (see Fig. 7), we sweep the 
magnetic field generated by the superconducting coil and analyze the beam radius and its spread. We 
can observe from Fig. 8, that the beam radius plotted along the axis for various magnetic fields, shows 
good agreement with our design goals. The beam radius confines very much to 0.63 mm in the cavity 
region as set in our design and the overall spread in the guiding centers remains constant at 2.8 %.  
Fig. 7 Schematic of the finalized MIG (dimensions in mm). The distance from center of 
emitter to the center of cavity is 284.5 mm. Anode radius Ra = 8.0 mm.  
The next important parameter is the pitch factor (Į). In Fig. 9, we plot the pitch factor and its spread 
for various peak magnetic field values. It can be seen that Į reduces, while the velocity spread shows 
an increase, as we increase the magnetic field. This is quite natural, because an increase in magnetic 
field will reduce the transverse velocity of the beam, reducing the pitch factor. Whereas, an increased 
magnetic field also corresponds to higher velocity spread in the beam. This can be attributed to the fact 
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that the compression factor is not exactly constant for various peak magnetic field strengths. We can 
clearly decipher this situation from the axial magnetic field profile (see Fig. 4). The peak magnetic 
field at the cavity center will not show corresponding increase at a far off location along the axis. In 
our case, it is clear that magnetic field varies little at the emitter end (284.5 mm from cavity). This 
results in slightly different magnetic compression (B0/Be) and consequently an increase in velocity 
spread.
Fig. 8 Beam radius and its corresponding spread along the axis of MIG. 
Similarly, in Fig. 10, we plot the pitch factor for various modulation anode voltages Va, and 
accelerating voltage Vc with respect to the ground. It has to be noted that the main anode and the other 
conducting sections of gyrotron are maintained at the ground potential. For a magnetic field of 7.2 T, 
where we expect TE26+ mode to be excited, the pitch factor is around 1.61 and gradually reduces as we 
reduce Va. The corresponding velocity spread is 5.3 % and shows a steady increase as we reduce the 
A-k potential gap. As a general rule for MIGs, pitch factors beyond 1.8 should be handled with 
trepidation. At higher values of pitch factor, the velocity spread is not only high, but there is a high 
likelihood of few electrons bounding back due to magnetic mirroring. In a compact gyrotron with no 
additional gun coils and a magnetic compression of over 50, operating the device at high values of Į
and įĮ/Į may not excite the second harmonic mode altogether. Hence, an ideal operating condition for 
our case seems to lie somewhere between 11.2 – 11.5 kV of Va , for a corresponding accelerating 
voltage of 15 kV. 
In Fig. 11(a) and 11(b), we plot the pitch factor as a function of beam current. It can be noted that, 
the pitch factor reduces as we increase the beam current from 0.25 A up to 0.45 A. At lower 
modulation anode - cathode potential (A-k) difference, the variation in pitch factor is more significant. 
This can be attributed to the space charge effects due to insufficient electric field during emission. 
Correspondingly the spread in velocities also increases as we reduce the A-k potential gap. These 
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results corroborate our earlier observation, that the ideal operation regime for our compact gyrotron 
lies between the modulation anode voltage of 11.2 – 11.5 kV and a beam current of 0.25 – 0.35 A.  
Fig. 9 Pitch factor and its corresponding spread plotted for various peak magnetic fields. 
It has to be noted that the spread falls off rapidly from a modulation voltage of 11.5 kV to 11.2 kV, 
which could be due to the neutralization of the space charge. It has been observed in simulations that 
as we increased the A-k potential gap (>3.8 kV), we observed few reflected trajectories and the pitch 
factor was in excess of 2.0.  
Fig. 10 Pitch factor and its spread plots for various modulation anode voltages with respect to the 
ground.  
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In Fig. 12, we plot the spread in guiding centers of the beam (beam radius) by varying the beam 
current. The effect of beam current on the beam properties is crucial as the total output power mainly 
depends on these parameters. It can be noted that, there is no significant change in the beam radius as 
the spread is below 2.8 %, and we expect a good beam-field coupling for the desired mode.  
Finally, we simulated the beam trajectories inside the collector to estimate the position where the 
beam is collected. It had been observed that the beam dump is located 400-450 mm from the center of 
the cavity. We added a buffer length of app. 250 mm from the beam dump location as the safe location 
to position the RF window from any stray electrons bouncing off the collector surface. 
Fig. 11(a) Pitch factor as a function of beam current. The A-k potential difference is 
varied by changing the mod. anode voltage (Va), while the magnetic field is maintained 
at 7.204 T corresponding to desired cavity mode TE26+. (b) The spread in the Pitch factor 
as a function of beam current.  
(a) 
(b) 
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Fig. 12 Guiding center spread along the MIG axis for various beam currents. 
The total length of the device from end-to-end is approximately 1.02 m, which satisfies the design 
goal of the compact gyrotron. The total CW power output is estimated at 20-100 W, as we retain the 
same operating conditions as the currently operational gyrotron FU CW II. However, a separate study 
of RF behavior with our simulated beam parameters has to be carried out to make a realistic estimate. 
Fig. 13 Beam trajectories inside the collector plotted by varying the peak magnetic field. The 
axial scale reads from end-to-end of the entire device. Here Z=1021.0 mm is the location of the 
RF window, from the other end of MIG assembly. 
5. Conclusions
We have designed a 394.6 GHz, second harmonic, compact gyrotron for DNP/Proton-NMR 
spectroscopy at 600 MHz. The second harmonic mode chosen for the operation of the device is TE26+.
The selected mode can be excited at a magnetic field of 7.20 T. The beam radius is chosen as 0.63 mm, 
Cavity 
collector 
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and for a beam voltage of 15 kV, the mode spectrum confirms a single mode operation at the second 
harmonic resonance. The EGUN simulations carried out to assess the beam parameters show a pitch 
factor of nearly 1.7, which is quite ideal for our application. The overall beam spread is found to be 
less than 7 %, for lower beam currents. The design goal of building a compact gyrotron has been 
realized with the total length of the device (end-to-end) at 1.02 m. The compact gyrotron has been 
fabricated and the operating test will commence soon. 
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